Particle candidates for astrophysical dark matter are reviewed, with particular emphasis on the lightest supersymmetric particle and the axion. The former is now constrained by accelerator experiments to have a mass above about 40 GeV, and ongoing searches at accelerators, in space, and in underground experiments have a good chance to detect it. A reevaluation of the constraint on the axion from supernova 1987a leaves open an interesting window where it may be detected if it constitutes the galactic halo.
There are many particle candidates for dark matter, which can be considered in two general categories: particles (mainly fermions) that contribute individually to the matter density of the Universe, and bosons that contribute collectively in the form of coherent waves. In this talk I concentrate on one selected candidate in each category: the lightest supersymmetric particle (LSP) and the axion, respectively.
Consider first the generic dependence on mass m X of the possible relic density of a ''neutrino'' or other electroweakly interacting particle X such as the LSP. For m X Ͻ 1 MeV, the number density n X is essentially independent of the mass, so that X ϭ n X m X ϰ m X . Closure density X ϭ ⍀ X C : ⍀ X ϭ 1 is exceeded when m X exceeds about 30 eV, and one recovers acceptable densities ⍀ X Ͻ 1 only when m X Ͼ a few GeV. If the candidate can annihilate through the Z, like the neutrino or the LSP, there is a minimum of the density around m X ϳ m Z ͞2, after which the annihilation rate slows and the density may rise again to the critical density ⍀ X ϭ 1.
As seen in Fig. 1 , experiments at the Large Electron Positron (LEP) Collider have by now explored thoroughly the particles produced by e ϩ e Ϫ annihilation through the Z, at energies corresponding to a cosmological redshift z ϳ 2 ϫ 10 14 , and the LEP 2 upgrade is now exploring higher energies: E cm ϳ 160 to 200 GeV corresponding to a redshift z ϳ 4 ϫ 10 14 . They have ruled out dark matter candidates weighing a few GeV and have almost forced us into the region m X Ͼ m Z ͞2, at least for the LSP as we now discuss.
Why Supersymmetry?
The primary theoretical motivation for supersymmetry at accessible energies is provided by the hierarchy problem (1-4): why is m W Ͻ Ͻ m P the only candidate for a fundamental physics mass scale we have? This question can be reformulated as: why is G F (ϳ1͞m W 2 ) Ͼ Ͼ G N (ϳ1͞m P 2 )? or alternatively as: why is the Coulomb potential V c ϭ e 2 ͞r in an atom so much larger than the Newton potential V N ϭ G N m 2 ͞r, where m Շ m W is a typical particle mass? You might reply by asking: why not just set m W Ͻ Ͻ m P by hand? The problem is that you must contend with the quantum corrections to m W shown in Fig. 2 , which are quadratically divergent:
where ⌳ represents a cutoff scale up to which the Standard Model describes physics before breaking down. If ⌳ ϳ m P , the quantum correction (Eq. 1) is much larger than the small physical value of m W , which can be recovered only by finetuning a large bare value for m W so that it can be canceled almost exactly by Eq. 1. This all sounds very unnatural. The theoretical motivation (1-4) for low-energy supersymmetry (refs. 5-7; for a review see ref. 8) is that the quantum corrections due to virtual bosons and fermions have opposite signs, and hence can be made to cancel (up to mass-difference effects) by postulating pairs of fermions and bosons with identical couplings:
This would be Շm W 2 if the differences between the boson and fermion squared masses
suggesting that the supersymmetric partner particles should be accessible to present or planned accelerators. The next section discusses in more detail the current lower limit on the lightest neutralino-a mixture of the supersymmetric partners of the photon, Z boson, and neutral Higgs bosons, which is the best candidate for the LSP (9) . In addition to these supersymmetric particles per se, even the minimal supersymmetric extension of the Standard Model predicts a rich spectrum of Higgs bosons, with five physical states, of which the lightest must weigh less than about 150 GeV (10) (11) (12) (13) (14) (15) .
This prediction underlies one of two tentative experimental indications in favor of supersymmetry. As seen in Fig. 3 , precision electroweak data favor indirectly a relatively light Higgs boson weighing about 140 GeV with a factor of 2 uncertainty, which is highly consistent with the supersymmetric prediction (16) . The second tentative indication comes from measurements of the gauge couplings at LEP and elsewhere shown in Fig. 4 , which favor unification in a supersymmetric GUT over a theory without supersymmetry (17) (18) (19) (20) (21) (22) (23) (24) (25) . The supersymmetric GUT prediction is sin 2 ⁄2 (the prefix "s" is used to denote the supersymmetric partner of some observed particle). The sneutrino has essentially been excluded by LEP experiments and the underground searches for dark matter discussed later, and the gravitino is expected in many models to be heavier than the lightest neutralino , so attention has focused on the as the LSP (9) .
In simple supersymmetric models, neutralinos and charginos (27) . However, these loopholes could be blocked by using data from other accelerators and͞or cosmological and theoretical constraints.
Specifically, we have assumed universality for the gaugino and scalar masses (m 1/2 , m 0 ) at the GUT scale, and required 0.1 Յ ⍀ h 2 Յ 0.3, where the lower bound is motivated solely by astrophysical relevance, whereas the upper bound is required to avoid overclosing the Universe. Moreover, physical renormalized parameters such as the Higgs vacuum expectation values and masses are determined by dynamics involving the heavy top quark. The resulting lower bound on m as a function of tan ␤ is shown in Fig. 6 , where we see that m Ն 21.4 GeV on the basis of LEP 1 and LEP 1.5 results (28) .
More recently, results from higher-energy LEP 2 runs and 160 and 170͞172 GeV have been announced, which can be used to strengthen significantly the LEP lower bound on m . The latest chargino searches indicate that m Ϯ տ 80 GeV for m Ϯ Ϫ m տ 5 GeV, slepton searches indicate that m ẽϮ տ 70 GeV, and the latest searches for supersymmetric Higgs bosons indicate that m h տ 60 GeV. This mass is linked to the other sparticle masses if one assumes scalar-mass universality, and it plays a particularly important role at low tan ␤. We find that the previous m ϭ 0 loopholes are excluded without the need for other theoretical inputs. Overall, as seen in Fig. 7 , we find (29)
and no consistent model if Ͻ 0 and tan ␤ Շ 1.7, or if Ͼ 0 and tan ␤ Շ 1.4. These lower limits on tan ␤ come about because ⍀ h 2 Յ 0.3 is possible only if m 1/2 Շ 400 GeV for tan ␤ Շ 2, whereas the LEP Higgs limits impose increasingly strong lower limits on m 1/2 . Future LEP searches at center-of-mass energies up to 190 or 200 GeV should be able to explore m Ϯ Շ 95 GeV, m˜ᐉϮ Շ 85 GeV and m h Շ 100 GeV. These should reveal evidence for a neutralino weighing Շ 50 GeV and explore all astrophysically interesting models with universal scalar masses and tan ␤ Շ 3.
In the longer run, the LHC accelerator at the European Center for Nuclear Research (CERN) (operating at an equivalent redshift z ϳ 5 ϫ 10 15 !) will be able to explore all the mass range (expression 3) expected for supersymmetric particles. Moreover, the range of parameters in which ⍀ h 2 Շ 1 can be explored by means of several independent experimental signatures. Therefore, we can expect supersymmetric dark matter to be smoked out at the Large Hadron Collider (LHC) if not previously at LEP (see ref. 30 the fate of this deviant neutralino option. † Another deviant option is charge-parity (CP) violation in the neutralino sector. This would permit S wave annihilation, which is more efficient, so that larger neutralino masses would be allowed by cosmology (32) .
Searches for Dark Matter Particles
Three major strategies for experimental searches for massive cold dark matter particles such as the LSP have been proposed. In calculating the rates for these, it is essential to restrict one's attention to models with an acceptable relic density: it does not make sense to imagine that our galactic halo is made solely of particles if the calculated cosmological density ⍀ h 2 Ͻ Ͻ 0.1. This is a pity, because models with low cosmological densities have large annihilation and scattering cross sections! Annihilation in the Galactic Halo. Here the underlying idea is that a pair of particles make their lonely ways around the galactic halo, they meet and have a one-night stand (annihilate) to produce stable particles such as p , e ϩ , ␥, and that might be detectable in cosmic rays. In addition to restricting one's attention to models with a plausible cosmological relic density, one must also assume a plausible local halo density Ӎ 0.3 GeV cm
Ϫ3
. One should then be careful to include all accessible annihilation channels: 3 f f, VV, HH, HV, . . . , and then use a phenomenological fit for the secondary p , e ϩ , ␥, or spectra produced by these primary annihilation products, based, e.g., on a Monte Carlo tuned to fit Z decays (33) .
Sam Ting, for the Alpha Magnetic Spectrometer (AMS) Collaboration, has shown in a talk at this meeting the p fluxes calculated in a couple of supersymmetric models, compared with existing measurements and the range expected for secondary p production by primary matter cosmic rays. He also showed the statistical precision in the flux that could be obtained by flying the AMS experiment on the Space Shuttle. There is a window of opportunity for AMS at low p energies Շ 1 GeV. In the longer run, it is planned to fly AMS on the Space Station for several years. This may enable it to detect the modulation of the dark-matter p flux expected due to variations in the solar wind over the 11-year solar cycle. Ting has also shown the corresponding data on e ϩ in the cosmic rays, compared with a supersymmetric calculation. There used to be some excitement about a possible excess reported by the WIZARD experiment, which could have been explained by supersymmetric dark matter, but this possible excess has now been refuted by the HEAT experiment with larger statistics.
Annihilation in the Sun or Earth. The idea here is based on the observation that a dark matter particle on its way through the solar system on a hyperbolic orbit may pass through the Sun or Earth, scatter off some nucleus therein, and lose sufficient recoil energy to become trapped in an elliptic orbit with perihelion (perigee) less than the solar (Earth) radius. Therefore it passes repeatedly through the Sun (Earth), losing more energy through scattering from time to time, and eventually settling into a quasi-isothermal distribution. Because evaporation off the surface of the Sun (Earth) is negligible for m տ a few GeV, the only mechanism for controlling the population is annihilation, which would give rise to high-energy (multi-GeV) neutrinos: 3 ϩ X. These could be detected in underground experiments, either directly by means of interactions, or indirectly by means of s produced by collisions in the surrounding rock (34) .
Underground searches already exclude some supersymmetric models, but only those with the largest scattering cross sections, which tend to have also the highest annihilation cross sections, and this study included models with ⍀ h 2 Ն 0.025 (35) . We (36) found that favored supersymmetric models yielded fluxes below the present experimental sensitivites if universal scalar masses were assumed, whereas nonuniversal models could yield larger rates and some might already be excluded. Future experiments such as SuperKamiokande, Baikal, AMANDA, and NESTOR should be able to exclude a larger selection of models. Dark Matter Scattering on Nuclei. The rates of capture in the Sun (Earth) and scattering on nuclei are determined by the amplitudes A((p, n) 3 (p, n) ) for scattering on individual nucleons. These are calculated from elementary four-fermion q 3 q scattering amplitudes mediated by the exchanges of heavy quarks such as Z, H, and q, in much the same way as the Fermi four-fermion ␤-decay interaction is mediated by W exchange. In particular, there is a spin-dependent part that takes the form ϰ ¥ q e q 2 ⌬q in the 3 ␥ limit, where the ⌬q are the different quark contributions to the proton spin (37) . These used to be estimated by using the naive quark model, but recent polarized lepton-nucleon scattering experiments have shown this to be a bad approximation, currently yielding (ref. [5]
Likewise, there are spin-independent contributions to dark matter scattering, which are proportional to the quark contributions to the nucleon mass. These contributions are coherent and dominant for large nuclei. In Fig. 8 some supersymmetric model calculations are compared with recent upper limits from an experiment using a Xe target (39) . We see that the experimental upper limit is getting down into the range where it can discriminate between realistic supersymmetric models, and further improvements can be expected from several groups in the coming years.
Axions
Axions may be considered as an archetype for bosons that contribute coherently to the mass density of the Universe by means of coherent waves. Axions were invented to explain (40, 41) the approximate conservation of parity and charge parity in the strong interactions:
[6] † In this higgsino-like region, quantum corrections to the chargino and higgsino masses are potentially significant (31). The parameter may be adjusted dynamically to a very small value with the aid of a very light spin-0 boson a with couplings ϰ 1/f a , where f a is called the axion decay constant:
where ⌳ QCD is a typical strong-interaction scale. GeV. There might in addition be a nonnegligible density of axions radiated from cosmic strings or from other sources. If present, these would strengthen the upper bound on f a .
There are many astrophysical constraints on axions by means of their nonemission from the cores of astrophysical objects. For example, the fact that the Sun radiates photons, not axions, tells us that f a տ 10 7 GeV, and a similar limit is obtained from upper limits on the axio-electric effect induced by axions radiated by the Sun. Moreover, the agreement of observations of other astrophysical objects such as Red Giants and White Dwarfs with standard models constrains f a տ few ϫ 10 9 GeV.
Part of this window may be closed by observations of supernova 1987a (44) . According to the standard theory of type II supernovae, 99% of its binding energy should have been radiated in the form of neutrinos with a characteristic energy of a few MeV, and this theory is consistent with the observation of the Irvine-Michigan-Brookhaven and Kamiokande underground experiments. Any extra energy emission by means of axions would have reduced the total energy radiated in neutrinos and would have shortened the pulse. The other astrophysical limits suggest that any axions created in the core would have streamed freely out.
The dominant axion emission process is usually thought to be NN 3 NNa bremsstrahlung, with a possible contribution from 3 a conversion. The axion-nucleon couplings are related to the ⌬q introduced earlier:
The values (Eqs. 5) of the ⌬q determine the C ap and C an with uncertainties that are smaller than many others in axion emission, which is approximately ϰ C an 2 ϩ 0.8 (C an ϩ C ap ) 2 ϩ 0.5 C ap 2 . We have recently taken a fresh look at axion emission from supernova 1987a (44) , incorporating these latest determinations of the ⌬q, studying the possible reduction of a emission by many-body effects, and including the possibility of a conversion. In particular, we found that nucleon spin fluctuations in the nuclear medium could degrade previous limits by a factor ϳ2, whereas a conversion could strengthen the limits by a factor ϳ3 or 4. Overall, we found (44) m a Ӎ 0.62 eV ϫ ͩ corresponding to a lower limit f a տ 10 10 to 10 11 GeV, with the precise value depending on nuclear uncertainties. This leaves an interesting window of opportunity for axion search experiments.
Conclusion
Cosmology and the theory of structure formation are going through a (pre-)revolutionary period reminiscent of that leading to the establishment of the Standard Model of particle physics. The observation by Cosmic Background Explorer (COBE) of fluctuations ⌬T͞T in the microwave background radiation reminds me of the discovery of neutral currents. That was suggestive for the Weinberg-Salam model: COBE is suggestive for inflation. Subsequently, many experiments went on to measure sin 2 W very precisely, and the microwave background experiments may go on to map out the inflaton potential. The defining moment of the Standard Model revolution was the discovery of the J͞ and charm, and it was essentially established by the later discovery of the W Ϯ and Z 0 . For me, the corresponding steps now would be the discovery of a cold dark matter particle and͞or the discovery of neutrino masses.
To my mind, no theory of structure formation can be regarded as established unless and until the nature of the dark matter has been identified in a laboratory experiment.
Discovery of the LSP, the axion, or a massive neutrino not only would establish a Standard Model of structure formation but also would reveal to us grand unification, supersymmetry, or some other extension of the Standard Model of particle physics. Interesting years of collaboration among cosmologists, astrophysicists, and particle physicists lie before us.
